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Abstract: In our previous study, we identified tiiat a protein target, peroxiredoxin II (PrxII), is 
overexpressed in radioresistant MCF+FIR3 breast-cancer cells and found that its expression and 
function is associated with breast-cancer radiation sensitivity or resistance. Small interference 
RNA (siRNA) targeting PrxII gens expression was able to sensitize MCF+FIR3 radioresistant 
breast-cancer cells to ionizing radiation. The major focus of this work was to investigate how 
the radiation response of MCF+FIR3 radioresistant cells was affected by the siRNA that inhibits 
PrxII gene expression. Our results, presented here, show that silencing PrxII gene expression 
increased cellular toxicity by altering cellular thiol status, inhibiting Ca^* efflux from the cells, 
and perturbing the intracellular C??* homeostasis. By combining radiotherapy and siRNA 
technology, we hope to develop new therapeutic strategies that may have potential to enhance 
the efficacy of chemotherapeutic agents due to this technology's property of targeting to specific 
cancer-related genes. 

Keywords: siRNA, PrxII, radiation resistance, Ca^*, MCF+FIR3 

Introduction 

Metastatic and recurrent breast cancer are distinct from early stage breast cancer.' As 
a result, the recurrent form of the disease is resistant to existing targeted treatments, 
and the mortality rate is thus significantly higher, with as many as 40% relapsing with 
metastatic disease.'"' The biological mechanisms underlying intrinsic and acquired 
resistance to chemotherapy and radiation therapy are therefore of considerable 
clinical significance. Studies have shown that breast-cancer cells that are able to 
propagate as mammospheres and possess cancer stem cell (CSC) properties are more 
radioresistant'' and the population of breast-cancer stem cells (BCSCs) is increased 
after chemotherapy.^ Therefore, the design of therapies targeting specific genes and 
proteins actively engaged in the physiopathology of radioresistant breast cancer is 
greatly demanded. Two-dimensional electrophoresis combined with mass spectrometry 
has been widely used to study protein expression profiles and to identify possible 
therapeutic targets. Using two-dimensional proteomic technology, we have identified a 
peroxiredoxin (Prx) II that plays an important role in the development of radioresistant 
breast-cancer cells that are enriched with a subpopulation of BCSCs.'' "PrxII" is a 
member of a ubiquitous family of antioxidant enzymes that normally respond to 
enviroiunental oxidative stress or reactive oxygen species (ROS).'"' Unchecked ROS 
can lead to oxidative damage in the cell, in turn leading to lipid peroxidation, protein 
modification, DNA modification, and strand breaks. Prxs play a central role in the 
cellular defense against oxidative damage through their peroxidase activity, whereby 
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hydrogen peroxide, peroxynitrite, and a wide range of organic 
hydroperoxides are reduced and detoxified.'"''^ 

The mechanism of detoxification by PrxII is the reduc- 
tion of peroxides via cysteine residue in the active site. As 
a resuh of ionizing radiation (IR) or other environmental 
oxidative stress, ROS lead to the rapid inactivation of PrxII 
by the modification of the catalytic cysteine (R-SH) thiol 
to an inactive cysteine disulfide (R-S-S-R). This modifica- 
tion of the cysteine thiol to an inactive cysteine disulfide is 
completely reversible by the subsequent reduction of the 
inactive cysteine disulfide to regenerate the active PrxII 
cysteine." Evidence points to a pivotal role for PrxII in the 
cellular defense system. PrxII-overexpressing cells are more 
resistant to the environmental oxidative damage caused 
by inorganic hydrogen peroxide, organic t-butyl hydrogen 
peroxide, the heavy metal mercury, and anticancer drugs like 
cisplatin.'''"" Thus, PrxII is a promising candidate for gene- 
targeted therapy. In our previous study, small interference 
RNA (siRNA) was transfected into the radioresistant breast- 
cancer cells and was found to silence the gene expression of 
PrxII, resulting in enhanced radiosensitivity. 

In the study reported here, we were interested in elucidat- 
ing the mechanism by which inhibition by siRNA-PrxII of 
PrxII gene expression affects radiation-induced cell death in 
MCF+FIR3 radioresistant breast-cancer cells. Our hypothesis 
was that therapeutic IR combined with siRNA would enhance 
radiation-induced cell death by combining the gene-targeting 
property of siRNA and the cytotoxicity of radiation therapy. 
Our results showed that loss of protein thiol (PSH) and glu- 
tathione (GSH) (as a consequence of PrxII gene expression 
being silenced by PrxII-siRNA) is associated with increases 
in cellular toxicity, inhibition of Ca^+ efflux, and perturba- 
tion of Ca^* homeostasis and results in enhanced radiosen- 
sitivity in MCF+FIR3 resistant cells. Thus, by combining 
radiotherapy with siRNA technology, we hope in future to 
be able to target cancer cells with specific genes involved in 
resistance. The results of these studies will be useful to help 
design advanced therapeutic strategies. 

Materials and methods 

Development of a radioresistant cell line 

MCF-7 human breast-cancer cells were purchased from the 
American Type Culture Collection (Manassas, VA, USA). 
The MCF+FIR30 cell line was developed as described 
in a previous publication.'' A radiation-resistant clone 
(MCF+FIR3) and a radiation-sensitive clone (MCF+FIS4) 
isolated from the MCF+FIR30 clonal populations were used 
for this study. 



Gene targeting by siRNA 

siRNA capable of targeting messenger RNAs (mRNAs) 
encoding PrxII was transfected using the same protocol as 
described before.'' The sequences of five PrxII-siRNA sense 
strands were: 

5'-AGGTGAAGCTGTCGGACTA-3' 

5'-GTGAGAGGACTTCCGCAA-3' 

5'-GGAAGTACGTGGTCCTCTT -3' 

5'-TCAAAGAGGTGAAGCTGTC-3' 

5'-CGGACTACAAAGGGAAGTA-3'. 

The sequence of the control siRNA was 
5'-UCACUCCUAUAUCUUCUGUTT-3'. This was used 
as a control for the PrxII gene-targeting experiments. 

Immunoblot analysis 

Immunoblot analysis was carried out using the standard proto- 
col as described previously.'* Prxl, -II, and -III antibodies were 
used for these experiments. The immunoblot assays ran under 
the nonreducing experiments were performed in the absence of 
dithiothreitol (DTT) reducing reagent. Total protein concentra- 
tion from the cell lysate was determined by Pierce''"'^ BCA assay 
kit (Thermo Fisher Scientific, Waltham, MA, USA). Scaimed 
images were quantified by Kodak ID Image Analysis soft- 
ware, (Kodak, Rochester, NY, USA), standardized by P-actin. 
Microsoft* Excel 2007 software (Microsoft Corporation, 
Redmond, WA, USA) was used for data analysis. 

3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl 
tetrazolium bromide (MTT) toxicity assay 

The MTT cytotoxicity method was used for cell viability 
measurements in multiwall plate format. Each experiment 
included a blank containing all of the reagents in a well 
without cells. MTT was dissolved in Dulbecco's modified 
Eagle's medium (DMEM) at 5 mg/mL and filtered through 
0.22 |j,m filters before 1x10' viable cells/mL was suspended 
in culture medium. Following this, 100 |J,L of the solution 
was dispensed per well in 96- well flat-bottomed tissue-culture 
plates. Cells were allowed to grow with and without PrxII 
and control siRNA to determine the difference between cell 
proliferations. The 96-well plates were incubated at 37°C in 
an incubator for 48 hours. After this, the medium in each 
well was removed and 100 \iL fresh medium added. MTT 
solution (10 |J,L) was then added to each well and the plates 
incubated for another 4 hours at 37°C. During this period, 
formazan crystals formed at the bottom of the wells. The 
solution in each well was aspirated and 100 jiL dimethyl sul- 
foxide (DMSO) was added to each well and mixed thoroughly 
to dissolve the crystals. Absorbance was read at 570 rmi. 
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The experiments were repeated at least three times. Cell 
proliferation was calculated as proliferation percentage: 

„ . ABSwithsiRNA 

Proliferation % = x 100%, 

ABS without siRNA 

in which "ABS" represents absorbance. 

Calcium assay 

Determination of calcium content was accomplished by 
fluorometric determination. Cell pellets were suspended 
in a Ca^+ and Mg^+-free Hanks' solution. Intracellular Ca^^ 
concentration was determined by fluorescent assay using a 
PerkinElmer fMax microplate reader (Molecular Devices, 
Sunnyvale, CA, USA) and a Twinkle LB 970 Microplate 
Fluorometer reader (Berthold Technologies GmbH & Co., 
Bad Wildbad, Germany). The method is based on the for- 
mation of a fluorescent chelate between Ca^+ and calcein 
fluorophore. The calcein solution was made by dissolving 
0.01 mM calcein in a 0.8 M potassium hydroxide solution. 
The experiments were repeated at least three times. 

PSH and GSH assay 

The cell pellets were sonicated in 1 mL of cold buffer (50 mM 
phosphate, pH 6-7, containing 1 mM ethylenediaminetetraa- 
cetic acid [EDTA]). They were then centrifiiged at 10,000 g 
for 1 5 minutes at 4°C. The supernatant was removed, stored on 
ice, and treated with 7% sulfosalicylic acid containing 0. 1 mM 
EDTA. The mixture was centrifuged at maximum speed for 
10 minutes at 4°C. Afterwards, the supernatant was collected 
for GSH assay. The precipitated pellets were washed three 
times with 7% sulfosalicylic acid containing 0.1 mM EDTA 
buffer. The denatured protein was dissolved in 0.1 M pH 7.5 
phosphate buffer containing 0. 1 mM EDTA to assay for PSH 
concentration. Total levels of PSH and GSH were measured 
using a Glutathione Assay Kit from Cayman Chemical (Ann 
Arbor, MI, USA), which utilizes a carefiilly optimized enzy- 
matic recycling method to quantify the sulfhydryl group level. 
The sulfhydryl group of PSH and GSH reacts with 5,5'-dithio- 
bis-2-nitrobenzoic acid (DTNB; EUman's reagent) and pro- 
duces a yellow-pigmented 5-thio-2-nitrobenzoic acid (TNB). 
Measurement of the absorbance of TNB at 405 nm provides 
an accurate estimation of PSH and GSH in the sample. The 
experiments were repeated at least three times. The experiment 
was performed in quadruple replicates each time. 

Phosphate assay 

Quantitation of inorganic phosphate (Pi) in solution was 
performed using a Phosphate Fluorometric Assay Kit from 



Bio Vision, Inc. (Milpitas, CA, USA). In this assay. Pi reacted 
with maltose to produce glucose in the presence of a special 
enzyme. The glucose is specifically oxidized to generate a 
product that reacts with the OxiRed''"'^ fluorophore to generate 
fluorescence with the excitation wavelength at 535 nm and the 
emission wavelength at 587 nm. The fluorescent assay was 
performed using the Twinkle LB 970 Microplate Fluorometer 
reader. The experiments were repeated at least two times. 

Results 

Prx PSH status in radioresistant 
breast-cancer cells 

PrxII belongs to a family of detoxification enzymes that use 
cysteine as an active site to reduce peroxides. Prxl, -II, and -III 
isozymes are typical 2-Cysteine (2Cys) Prxs and contain 
two conserved cysteine residues, the peroxidatic cysteine 
(generally near residue 50), and the resolving cysteine (near 
residue 1 70). " During the catalysis, the peroxidatic cysteine, 
a redox-sensitive reactive site, becomes oxidized, forming 
disulfide in the presence of ROS generated by an oxidative 
environment. GSH has been known to provide the cells with a 
reducing environment in addition to maintaining the proteins 
in a reduced state.^" The oxidized PrxII is then reduced in 
the reducing environment to regenerate the active PrxII. This 
may be an important redox regulatory mechanism through the 
alteration of cellular thiol. PrxII has been shown to be overex- 
pressed in radioresistant breast-cancer cells. The thiol status 
of PrxII might be related to the cellular oxidative environment 
and cellular resistance level to the environmental oxidants. 
Here, we performed immunoblot analyses to analyze the 
Prx thiol status in MCF-I-FIR3 radioresistant breast-cancer 
cells and MCF+FIS4 radiosensitive cells using Prxl, -II, and 
-III antibodies in the presence and absence of 0. 1 mM DTT 
reducing agent. The results are shown in Figure 1 . 

An increased amount of Prxl and PrxII dimers was observed 
in radioresistant MCF-I-FIR3 breast-cancer cells when com- 
pared with MCF+FIS4 radiosensitive cells (Figure 1 A and B). 
The dimers were formed through disulfide bonds between 
the peroxidatic cysteine in the first subunit and the resolving 
cysteine located at the C-terminus of another subunit in the 
nonreducing environment.^' Unlike Prxl and -II, the level 
of PrxIII dimer was seen to be higher in the MCF+FIS4 
radiosensitive cells (Figure IC). It is likely that the location 
differentiates the response of Prxl, -II, and -III to IR. Both 
Prxl and PrxII are cytosolic proteins. Prxl is also found in 
the nucleus and PrxII is also associated with the membrane. 
PrxIII is exclusively located in the mitochondria. The higher 
dimerization level of PrxIII in MCF+FIS3 sensitive cells 
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Figure I Immunoblot analysis of peroxiredoxin (Prx) I, II, and III in MCF+FIS3 radiosensitive breast-cancer cells and MCF+FIR3 radioresistant breast-cancer cells in the 
presence and absence of dithiothreitol (DTT) reducing agent. Lane I is the result for MCF+FIS4 radiosensitive cells. Lane 2 is the result for MCF+FIR3 radioresistant cells. 
(A-C) Immunoblot results for Prxl, -II, and -III in the absence of DTT reducing agent; (D-G) immunoblot results for Prxl, -II, and -III in the presence of DTT reducing agent; 
(H) control experiment for the immunoblot analyses using the p-actin antibody. 



could possibly result from baseline exposure to the oxidative 
environment found in the mitochondria, even in the absence 
of radiation. The increased levels of Prxl and -II dimers in 
MCF+FIR3 radioresistant cells were mainly due to the pro- 
longed exposure of MCF-7 cells to IR. 



The immunoblot analyses in the reducing condition 
were performed alongside the just-mentioned experiments. 
Figure ID-F display the immunoblot results of Prxl, -II, and -III 
in MCF+FIS4 radiosensitive and MCF+FIR3 radioresistant 
cells. The inter-subunit disulfide bonds were reduced and 
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Prxl, -II, and -III monomers generated. The control experi- 
ment for the immunoblot is shown in Figure 1 G. The forma- 
tion of intra- and inter-molecular disulfides between protein 
cysteines is believed to be associated with the stabilization 
of extracellular proteins, protection of proteins against irre- 
versible oxidation of critical cysteine residues, and regulation 
of enzyme functions and transcription.^^ The results from 
this experiment suggest that the formation of Prx dimers in 
MCF-I-FIR3 radioresistant breast-cancer cells was an adaptive 
response of the MCF-7 breast-cancer cells to the oxidative 
environment created by chronic irradiation. 

Cellular toxicity of MCF+FIR3 
radioresistant cells after inhibition 
of Prxl! expression 

In the present study, the toxicological implication of 
PrxII-siRNA gene inhibition in MCF+FIR3 resistant and 
MCF-I-FIS4 sensitive cells was investigated. We were interested 
in studying how radioresistant and radiosensitive breast-cancer 
cells respond to IR when PrxII expression is knocked down. 
The siRNA was used to modulate the PrxII expression levels 
in the MCF+FIR3 and MCF-I-FIS4 cells in this experiment. 
Cytotoxicity assays of MCF-I-FIR3 radioresistant cells and 
MCF+FIS4 radiosensitive cells treated by control or PrxII- 
siRNA in the presence and absence of IR were examined. The 
results are shown in Figure 2. We found that cell proliferation 
was not significantly affected by the treatment of PrxII-siRNA 
in MCF+FIS4 radiosensitive cells (Figure 2A and B). This indi- 
cated that alteration of PrxII levels in MCF+FIS4 cells did not 
have any significant impact on cell proliferation or cell death. 
Figure 2C and D display the results of cell proliferation for 



MCF+FIS4 radiosensitive cells treated with siRNA combined 
with IR. Cell proliferation in MCF+FIS4 cells pretreated with 
PrxII-siRNA or control siRNA was significantly reduced 
after IR. The reduced cell proliferation was mainly due to the 
radiation sensitivity of MCF+FIS4 cells (data not shown). 
PrxII-siRNA did not appear to play a significant role in the 
decrease of cell proliferation after IR, although the resistance 
relative to the sensitive cells was correlated. 

Figure 2E displays the cell proliferation results in 
MCF+FIR3 radioresistant breast-cancer cells treated with 
control and PrxII-siRNA. PrxII expression levels were 
monitored by immunoblot analyses (Figure 2F). There was no 
significant change in cell proliferation for PrxII-siRNA treat- 
ment versus control siRNA treatment in MCF+FIR3 resistant 
cells. However, combined treatment with PrxII-siRNA and 
IR did enhance the cellular toxicity induced by radiation in 
comparison to the control experiments in MCF+FIR3 cells, as 
shown in Figure 2G. The immunoblot analyses ensured the 
PrxII expression was suppressed by PrxII-siRNA (Figure 2H). 
The results indicated that inhibition of PrxII gene expression 
by siRNA greatly reduced cell viability in response to IR. The 
combination of PrxII-siRNA and radiation treatment, which 
increased cellular toxicity induced by radiation, resulted in the 
increased radiosensitivity of MCF+FIR3 breast-cancer cells. 

Cellular toxicity and cellular thiol status 
in the radioresistant breast-cancer cells 
after silencing PrxW gene expression 

GSH is a major player in maintaining the cellular reduc- 
ing environment. A PrxII dimer with a disulfide linkage 
can be reduced in the reducing environment with the 
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Figure 2 Cell proliferation of MCF+FIS4 radiosensitive and MCF+FIR3 radioresistant breast-cancer cells in response to radiation and small interference RNA (siRNA) 
treatment. (A) Cell proliferation of MCF+FIS4 radiosensitive cells follov^ing the transfection of siRNA at concentrations 0.0, 1 2.5, 25.0, 75.0, 1 50.0, and 250.0 nM. (*) Result 
for the cells treated with control siRNA. (■) Result for the cells treated with peroxiredoxin (Prx) ll-siRNA. (B) Immunoblot results for P-actin and Prxil from cells 
transfected with control siRNA and cells transfected with Prxll-siRNA. (C) Cell proliferation results for MCF+FIS4 radiosensitive cells with combined treatment of 25 nM 
siRNA for 72 hours and ionizing radiation (IR). (♦) Result for the cells treated with combined Prxll-siRNA and IR. {*) Result for cells treated with combined control siRNA 
and IR. (■) Result for the MCF+FIR3-resistant cells used for comparison analysis. (D) Immunoblot analysis undertaken to monitor Prxll expression levels after control siRNA 
and Prxll-siRNA transfection. (E) Cell proliferation for MCF+FIR3 radiosensitive cells following the transfection of siRNA at concentrations 0.0, 12.5, 25.0, 75.0, 150.0, and 
250.0 nM. (A) Result for the cells treated with control siRNA. { ■ ) Result for the cells treated with Prxll-siRNA. (F) Prxll expression levels were monitored by immunoblot 
analysis. (G) Cell proliferation results for MCF+FIR3 radioresistant cells treated with combined siRNA (25 nM) for 72 hours and IR. {•) Result for the cells treated with 
combined Prxll-siRNA and IR. (■) Result for cells treated with control siRNA and IR. (♦) Cell proliferation results for untreated MCF+FIR3 radioresistant cells. (H) Prxll 
expression levels were monitored by immunoblot analyses after control siRNA and Prxll-siRNA transfection. 



presence of GSH. GSH and PSH have been shown to be 
associated with many redox-inducing reagents and che- 
motherapeutic drugs. We were interested in discovering 
whether the Prxll-siRNA that inhibits Prxll gene expres- 
sion would affect the GSH and PSH levels and to see if 
these changes were directly reflected in intracellular thiol 
alterations. Since pretreatment with Prxll-siRNA did not 



show significant effects on cell proliferation in MCF+FIS4 
radiosensitive cells in response to IR (Figure 2), the focus 
of this study was the radiation response of MCF+FIR3 
radioresistant cells under the condition of inhibited Prxll 
expression. We hypothesized that there may be a relation- 
ship between Prxll level and cellular PSH and GSH levels 
in MCF+FIR3 radioresistant cells. 
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siRNA technology has become a powerful research tool 
to target molecules that conventional therapeutics cannot 
and is being actively pursued for its therapeutic potential.^^"^^ 
In this experiment, PrxII-siRNA was used to silence PrxII 
gene expression in comparison to the control siRNA that did 
not interfere with PrxII expression. A TNB assay was used 
to measure the cellular PSH and GSH levels. The disulfide 
was reduced by GSH reductase to recycle the PSH and GSH 
and produce more TNB. The rate of TNB production was 
directly proportional to this recycling reaction, which in turn 
was directly proportional to the concentration of PSH and 
GSH in the sample. Figure 3 shows the relative GSH and 
PSH levels in MCF+FIR3 radioresistant and MCF+FIS4 
radiosensitive breast-cancer cells. The data were standard- 
ized by the total protein concentration of the cell extract. 
Relative GSH levels in MCF+FIR3 resistant and MCF+FIS4 
sensitive cells are shown in Figure 3A, while PSH levels are 
shown in Figure 3B. Both GSH and PSH levels are higher 
in MCF+FIR3 resistant cells than in MCF+FIS4 radiosensi- 
tive cells. This result correlates well with the increased PrxII 
level in the MCF+FIR3 radioresistant cells in comparison 
to the MCF+FIS4 sensitive cells. PrxII expression levels 



in radioresistant and radiosensitive cells are shown in 
Figure 3C and D. The lower GSH, PSH, and PrxII levels in 
MCF+FIS4 cells could be one of the factors that renders the 
cells more sensitive to radiation. 

Figure 4A and B display the results from the experiments 
in which the GSH and PSH levels in MCF+FIR3 radioresis- 
tant cells were measured after the treatment of control siRNA 
in comparison to combined control siRNA and IR treatment. 
The results showed that when PrxII was overexpressed in 
MCF+FIR3 resistant cells, the GSH and PSH levels were 
not affected significantly by IR treatment (Figure 4C). GSH 
and PSH levels in MCF+FIR3 radioresistant cells pretreated 
with PrxII-siRNA that inhibited PrxII gene expression are 
shown in Figure 4D and E. In contrast to the result of the 
control siRNA experiment, GSH and PSH levels were sig- 
nificantly reduced by IR when PrxII gene expression was 
knocked down (Figure 4F). It appears that there is a con- 
nection between cellular radioresistance levels and cellular 
thiol status. The results indicate that the increased cellular 
toxicity - induced by IR in MCF+FIR3 radioresistant cells 
pretreated with PrxII-siRNA - that inhibited PrxII expression 
occurs through lowering cellular GSH and PSH levels. 




MCF+FIS4 MCF+FIR3 MCF+FIS4 MCF+FIR3 




P-actin 



Figure 3 Glutathione (GSH) and protein thiol (PSH) levels in radioresistant breast-cancer cells and radiosensitive breast-cancer cells. (A) GSH levels in MCF+FIS4 sensitive 
cells and MCF+FIR3 resistant cells. (B) PSH levels in MCF+FIS4 sensitive cells and MCF+FIR3 resistant cells. (C) Immunoblot analysis of peroxiredoxin (Prx) II in MCF+FIS4 
and MCF+FIR3 cells. (D) Immunoblot analysis of p-actin in MCF+FIS4 and MCF+FIR3 cells. 
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Figure 4 Glutathione (GSH) and protein thiol (PSH) levels in MCF+FIR3 radioresistant cells pretreated with small interference RNA (siRNA), with and without subsequent 
5 Gy ionizing radiation (IR). (A) GSH levels with control siRNA pretreatment, with and without subsequent 5 Gy IR. (□) Result for cells treated with control siRNA. 
(■) Result for cells treated with combined control siRNA and IR. (B) PSH levels pretreated with control siRNA, with and without subsequent 5 Gy IR. (□) Result for the cells 
treated with peroxiredoxin (Prx) ll-siRNA. (■) Result for cells treated with combined Prxll-siRNA and IR. (C) Results of immunoblot analysis undertaken to monitor inhibition of 
Prxll expression by Prxll-siRNA. (D) GSH levels with Prxll-siRNA pretreatment, with and without subsequent 5 Gy IR. (□) Result for cells treated with Prxll-siRNA. (■) Result for 
cells treated with combined Prxll-siRNA and IR. (E) PSH levels with Prxll-siRNA pretreatment, with and without subsequent 5 Gy IR. {□) Result for cells treated with Prxll-siRNA. 
(■) Result for cells treated with combined Prxll-siRNA and IR. (F) Results of immunoblot analysis undertaken to monitor inhibition of Prxll expression by Prxll-siRNA. 
Abbreviation: hr, hours. 
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Impairment of the plasma membrane 
Ca^+ pump In Prxll-slRNA-treated 
radioresistant breast-cancer cells as 
a consequence of perturbation of the 
cellular thiol homeostasis by IR 

We were interested in investigating whether the loss of cel- 
lular thiol induced by IR as a result of PrxII-siRNA gene 
inhibition impairs the activity of the plasma membrane 
Ca^+ pump. The Ca^+ level was measured with sequential 
addition of carbonyl cyanide m-chlorophenyl hydrazone 
(CCCP), digitonin, and A23187 compounds. "CCCP" is a 
protonophore that dissipates the mitochondrial membrane 
potential, releases sequestered mitochondrial calcium stores, 
and irreversibly prevents mitochondrial calcium uptake. 
Digitonin makes the plasma membrane permeable without 
affecting the mitochondrial and endoplasmic reticular mem- 
brane, while the A23 1 87 Ca^* ionophore makes all cellular 
compartments permeable. 

The rationale for this experiment was that cells were 
exposed to CCCP, which released Ca^+ from mitochondria to 
cytosol. The subsequent addition of digitonin would release 
the Ca^+ from cytosol to the extracellular space, while keeping 
the mitochondrial and endoplasmic reticular membranes intact. 
Adding A23187 would release the remaining intracellular 
Ca^+, thus allowing the measurement of the total cellular Ca^+ 
released.^'' As shown in Figure 5 A, the total Ca^^ released from 
the cytosol by the sequential addition of CCCP, digitonin, and 
A23 187 was not significantly affected in MCF+FIR3 radiore- 
sistant cells transfected with control siRNA after IR when 
PrxII gene expression was not inhibited (Figure 5B). This 
result shows that the released Ca^+ from the cytosol could 
be extruded into the extracellular space by membrane Ca^+- 
adenylpyrophosphatase (ATP) when PrxII was overexpressed 
in MCF-I-FIR3 resistant cells, suggesting that the plasma mem- 
brane pump Ca^+-ATPase was functional so could extrude the 
Ca^^ from cytosol to the extracellular space after IR. 

When PrxII gene expression was inhibited by PrxII- 
siRNA transfection, a significant increase in Ca^^ level was 
observed after IR in MCF+FIR3 radioresistant cells with 
the sequential addition of CCCP and A23187 (Figure 5C 
and D). The increase in Ca^^ level was also seen in cells 
treated with A23 187, CCCP, and digitonin (Figure 5C). The 
amount of Ca^^ mobilized by CCCP in MCF7+FIR3 radiore- 
sistant breast-cancer cells transfected by PrxII-siRNA, not 
excreted from the cells following IR, was markedly increased 
compared with in the control cells treated with the control 
siRNA, indicating that the plasma membrane Ca^^-extruding 



mechanism was inhibited. This result suggests that IR 
had a significant impact on the Ca^* membrane extrusion 
mechanism after the silencing PrxII gene expression by 
PrxII-siRNA in MCF+FIR3 resistant cells. 

Since plasma membrane Ca^^-ATPase is known to play 
a critical role in regulating cytosolic free Ca^^ concentration, 
it was of interest to investigate whether this impairment of 
Ca^* efflux by PrxII-siRNA following IR was associated with 
an enhanced cytosolic free Ca^+ level. To monitor cytosolic 
Ca^+ level in MCF7+FIR3 radioresistant cells transfected with 
PrxII-siRNA following IR, the level of Pi was monitored. The 
Pi level in normal blood is very similar to that of calcium. 
The use of this activity as an index of cytosolic Ca^+ level 
fluctuations has been previously validated.^^ The addition and 
removal of phosphate from proteins in all cells is a pivotal 
strategy in the regulation of metabolic processes. As shown 
in Figure 6 A and B, an increase in the concentration of Pi was 
associated with IR treatment in MCF7+FIR3 radioresistant 
breast-cancer cells when PrxII expression was suppressed. 
The phosphate level in the radioresistant cells treated with 
control siRNA did not show any significant change; neither 
was there any significant change in phosphate level in the 
radioresistant cells treated with combined control siRNA 
and IR. Since PrxII was found to be associated with the cell 
membrane, the result may suggest that PrxII plays a role in 
protecting the cell membrane from IR-induced oxidative 
damage. 

Discussion 

Advanced and recurrent tumors are usually resistant to che- 
motherapy and radiation therapy, leading to a poor survival 
rate. It has been reported that while traditional chemotherapy 
can kill the majority of cancer cells, it fails to target CSCs.^* 
Moreover, initial treatment can increase the proportion 
of radio- and drug-resistant CSCs, resulting in disease 
recurrence.^' Radiotherapy is still one of the most commonly 
used chemotherapeutic methods for cancer recurrence treat- 
ment. The problem with this method is its lack of specificity 
in targeting cancer cells. Here, we augmented therapeutic 
IR with a targeting property to recognize certain genes 
inside cancer cells that are activated in adaptive response 
to radiation. PrxII has been shown to be upregulated in tis- 
sues isolated from patients who did not respond to radiation 
therapy and in radioresistant MCF-I-FIR3 breast-cancer cells 
this is associated with breast-cancer radiation sensitivity 
or resistance.^" This increased PrxII expression confers 
radioresistance to cancer cells due to its role in protecting 
cells from radiation-induced cell death. Prxs are important 
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Figure 5 Effect of calcium released from MCF+FIR3 radioresistant cells transfected witii control small interference RNA (siRNA) and peroxiredoxin (Prx) ll-siRNA in 
response to ionizing radiation (IR). (A) Calcium released in response to IR for MCR+FIR3 resistant cells transfected with 25 nM control siRNA. (■) Cells transfected witli 
control siRNA in response to IR with sequential addition of the carbonyl cyanide m-chlorophenyl hydrazone (CCCP), A23 1 87 (A), and digitonin (D). (B) Cells transfected 
with control siRNA in response to IR with the sequential addition of CCCP and digitonin. (B) Cells transfected with control siRNA in response to IR with the addition of 
CCCP and A23 1 87. (□) Cells transfected with control siRNA in response to IR with the addition of CCCP. (B) Results of immunoblot analysis undertaken to monitor Prxll 
expression by Prxll-siRNA. (C) Calcium released in response to IR for MCR+FIR3 resistant cells transfected with 25 nM Prxll-siRNA. (■) Cells transfected with Prxll-siRNA 
in response to IR with sequential addition of the CCCP, A23 1 87, and digitonin. (B) Cells transfected with Prxll-siRNA in response to IR with the sequential addition of CCCP 
and digitonin. (B) Cells transfected with Prxll-siRNA in response to IR with the addition of CCCP and A23I87. (□) Cells transfected with Prxll-siRNA in response to IR 
with the addition of CCCP. (D) Results of immunoblot analysis undertaken to monitor inhibition of Prxll expression by Prxll-siRNA. 
Abbreviation: hr, hours. 
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Figure 6 Intracellular phosphate levels in MCF+FIR3 radioresistant breast-cancer cells pretreated with 25 nM of small interference RNA (siRNA) in the presence and absence 
of ionizing radiation (IR). (A) Fluorescent intensity of intracellular phosphate levels measured at 535 nm and the emission wavelength at 587 nm. {♦) Cells treated with 
peroxiredoxin (Prx) ll-siRNA and IR. (■) Cells treated with control siRNA and IR. {*) Cells treated with Prxll-siRNA. (•) Cells treated with control siRNA. (B) Results of 
immunoblot analysis undertaken to monitor inhibition of Prxll expression by Prxll-siRNA. 
Abbreviation: hr, hours. 



not only as antioxidant proteins, keeping toxic H^Oj and 
peroxynitrite levels low, but also in such processes as apop- 
tosis, differentiation, and proliferation. Therefore, alteration 
in Prxll level, determination of Prxll mechanisms of action, 
and targeting Prxll modulation by chemical or biological 
means may lead to new strategies that can be developed to 
improve radiation therapeutic ratios. 

We have been using siRNA to modulate the Prxll gene 
expression level to determine the connection between 
Prxll expression level and radiosensitivity. We have shown 
that siRNA can be used to silence protein expression in a 



gene-specific manner - a process that has found widespread 
applications in the fields of functional genomics and drug 
discovery.^' It has become a powerful research tool to target 
molecules that conventional therapeutics cannot reach. In 
our studies, the siRNA that inhibited Prxll gene expression 
partially reversed the radioresistant phenotype of MCF-7 
breast cancer. Prxll has a very important role in radioresis- 
tance of breast-cancer cells, even though it is not the sole 
factor responsible for the resistant phenotype. In the study 
presented here, we showed that inhibition of Prxll gene 
expression by Prxll-siRNA decreased PSH and GSH levels 
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in MCF+FIR3 radioresistant breast-cancer cells compared 
with the control cells. Thus, the mechanism of action of 
PrxII-siRNA sensitization of radioresistant breast-cancer 
cells involved both GSH and PSH. 

It has been shown that processes involving changes in 
cellular thiol levels can affect Ca^+ signaling pathways that 
participate in a broad array of physiological responses.^" 
Previous studies have unequivocally established the key 
role of calcium as a universal second messenger.^^ " 
Further, it is becoming increasingly apparent that there 
are significant interactions between calcium and cellular 
thiol metabolism, and that these interactions modify a 
variety of proteins that participate in signaling transduc- 
tion pathways and other fundamental cellular functions that 
determine cell life or death. Intracellular Ca^* homeostasis 
is regulated by compartmentalization processes involving 
Ca^^ sequestration in mitochondria and the endoplasmic 
reticulum and Ca^+ extrusion from the cell by the plasma 
membrane Ca^+-ATP. When GSH and PSH levels are low, 
the Ca^+-ATPase pump can be inactivated due to the high 
level of ROS, which leads to the generation of abnormal 
calcium signals. This calcium imbalance may be caused 
by damage to the Ca^^-ATPase pump. Both nuclei and 
cytoplasmic Ca^+ can regulate phosphorylation and dephos- 
phorylation of proteins and, as a result, modulate signal 
transduction pathways. Therefore, in the study reported 
here, inhibition of PrxII gene expression by PrxII-siRNA 
changed the cellular thiol status and disrupted the normal 
physiological pathways. As a result, it is very likely that 
it increased cellular toxicity and rendered MCF+FIR3 
breast-cancer cells more sensitive to IR. 

Ca^+ levels fluctuate with the change of the Pi levels. Pi 
has been used as an indicator for Ca^+ level. The increase in 
Pi levels we observed following IR in PrxII-siRNA radioresis- 
tant breast-cancer cells indicated an increased Ca^^ concentra- 
tion. This is most likely due to the inhibition of the plasma 
membrane Ca^+ pump in the plasma membrane and the Ca^^ 
storage deficiency of the mitochondria and endoplasmic retic- 
ulum. In control cells, control siRNA treatment did not appear 
to cause any appreciable inhibition of the plasma membrane 
Ca^+ pump. The Ca^+ released from the mitochondria and/or 
endoplasmic reticulum would still be expected to produce 
at least a transient increase in cytosolic Ca^^ concentration 
and phosphate level, but it would not last long since the Ca^+ 
would eventually be extruded through the membrane Ca^+ 
pump. However, when the plasma membrane Ca^+ pump is 
damaged, the extrusion of Ca-+ released from the intracellular 
stores is impaired (PrxII-siRNA + radiation) and a significant 



increase of phosphate concentration then occurs. The results 
indicate that PrxII and cellular thiol played a protective role 
for the plasma membrane against IR-induced damage. The 
depletion of cellular thiol by PrxII-siRNA correlated well 
with the radiation response of MCF4-FIR3 radioresistant 
and MCF+FIS4 radiosensitive cells. The results suggest that 
perturbation of cellular thiol homeostasis by inhibition of 
PrxII represents a crucial step in modulating cell proliferation 
and differentiation. Better understanding of the mechanism 
may also generate novel strategies to overcome the develop- 
ment of MCF-7 breast-cancer resistance and further improve 
breast-cancer treatment. 

Future directions 

The results of this study may provide important clinical infor- 
mation on prediction of the behavior and treatment response 
of MCF-7 radioresistant breast-cancer cells. However, PrxII- 
siRNA does not completely inhibit PrxII gene expression. The 
radioresistance phenotype of MCF+FIR3 breast-cancer cells 
was not fully reversed by targeting the PrxII gene. Some of 
the more potent subpopulations of radioresistant CSCs may 
evade therapy and propagate, seeding new tumor growth. This 
problem poses a great challenge and opportunity for future 
cancer research. Further investigation will be necessary to elu- 
cidate in detail the molecular signaling mechanisms involved 
in radiation resistance in BCSCs in order to identify alternative 
targets that can enhance the efficacy of radiotherapy due to its 
targeted property to specific cancer-related genes. However, 
PrxII may be potentially important in MCF-7 breast-cancer 
cells with an increased radioresistant phenotype. 

We hope the results presented here will contribute to bet- 
ter understanding of the biochemical and clinical pharmacol- 
ogy of the combination approach of siRNA and therapeutic IR 
so that this technology can fulfill a strategy to target enzymes 
in CSCs, the DNA repair pathway, and cellular protection 
machinery to enhance chemosensitivity. 
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